Chronometric and imaging studies have shown that motor imagery is used implicitly during mental rotation tasks in which subjects for example judge the laterality of human hand pictures at various orientations. Since explicit motor imagery is known to activate the sensorimotor areas of the cortex, mental rotation is expected to do similar if it involves a form of motor imagery. So far, functional magnetic resonance imaging and positron emission tomography have been used to study mental rotation and less attention has been paid to electroencephalogram (EEG) which offers a high time-frequency resolution. The time-frequency analysis is an established method for studying explicit motor imagery. Although hand mental rotation is claimed to involve motor imagery, the time-frequency characteristics of mental rotation have never been compared with those of explicit motor imagery. In this study, time-frequency responses of EEG recorded during explicit motor imagery and during a mental rotation task, inducing implicit motor imagery, were compared. Fifteen right-handed healthy volunteers performed motor imagery of hands in one condition and hand laterality judgement tasks in another while EEG of the whole head was recorded. The hand laterality judgement was the mental rotation task used to induce implicit motor imagery. The time-frequency analysis and sLORETA localisation of the EEG showed that the activities in the sensorimotor areas had similar spatial and timefrequency characteristics in explicit motor imagery and implicit motor imagery conditions. Furthermore this sensorimotor activity was different for the left and for the right hand in both explicit and implicit motor imagery. This result supports that motor imagery is used during mental rotation and that it can be detected and studied with EEG technology. This result should encourage the use of mental rotation of body parts in rehabilitation programmes in a similar manner as motor imagery.
Introduction
When attempting to judge the laterality of a picture of a human hand, it is believed that subjects mentally rotate an internal representation of their own hand in order to match it with the presented hand (Cooper & Shepard, 1975) . Such a task is referred to as hand laterality test/judgement task (HLT) (Moseley, Butler, Beames, & Giles, 2012) . A degree of mental effort applied in this task is proportional to the degree of mental rotation.
This rotation is similar to the mental rotation used for searching the congruency between two 3-D objects (Shepard & Metzler, 1971) , in which subjects holistically, mentally rotate one of the 3D objects to match its orientation with that of the other (Cooper & Shepard, 1975) . This holistic mental rotation model is supported by neuroimaging studies of mental rotation consistently finding the activation of the superior parietal lobule (SPL) and the intraparietal sulcus (BA 40).
These are brain areas known for implementation of spatial maps that code the position of body parts in relation to each other (Zacks, 2008; Sakata, Takaoka, Kawarasaki, & Shibutani, 1973; Bonda, Petrides, Frey, & Evans, 1995) . Remarkably, activities in these regions are proportional to the degree of mental rotation performed (Gogos et al., 2010; Zacks, 2008; Weiss et al., 2009) .
The hand mental rotation does not violate the bio-mechanical constraints imposed by the joints (Parsons, 1987a (Parsons, , 1987b (Parsons, , 1994 . As shown by several chronometric studies, the time (reaction time, RT) it takes to mentally rotate the hand is proportional to the angular disparity between the current hand orientation and the new orientation (Shepard & Metzler, 1971; Parsons et al., 1995) . Most interestingly, this time is also proportional to the time it would take to perform the movement physically (Parsons, 1994) . These findings suggest that the neural system of movement is used to mentally rotate the hand in order to make a match with the presented hand picture. Since there is no overt movement, the neural system should resemble that of Motor Imagination/Imagery (MI) which is the mental simulation of motor action (Lotze & Halsband, 2006; Jeannerod, 2006) . MI is neurally similar to physical execution of the action except that no movement Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/neuropsychologia is observed. During the mental rotation tasks, subjects are often unaware of imagination of movement. For this reason the term 'implicit MI' is used to describe the unrequested/unconscious imagination of movement during mental rotation tasks (Parsons, 2001; Parsons et al., 1995) . Explicit MI therefore refers to a conscious motor imagination.
Implicit MI in mental rotation of body parts is an idea supported by many studies (Vingerhoets, de Lange, Vandemaele, Deblaere, & Achten, 2002; Cooper & Shepard, 1975; Parsons, 1987a Parsons, , 1987b Parsons, , 1994 Parsons et al., 1995; Wexler, Kosslyn, & Berthoz, 1998) . Several brain areas known to be active during explicit MI have been found active during the mental rotation tasks (Zacks, 2008; Vingerhoets et al., 2002; Parsons et al., 1995) . Parsons and colleagues used mental rotation induced by HLT to show that apart from the primary sensorimotor cortices, all the brain regions known to participate in the planning and execution of movement were activated by mental rotation of hands (Parsons et al., 1995) .
So far extensive neuroimaging studies of mental rotation have been done using PET and fMRI which offer a high spatial resolution. EEG is a technology offering a higher temporal and frequency resolution which is useful in studying the dynamic brain processes. Time-frequency analysis of EEG is a well-established technique used to study MI (Pfurtscheller, Scherer, Müller-Putz, & Lopes da Silva, 2008) . Although hand mental rotation is claimed to involve MI, the time-frequency characteristics of mental rotation have never been compared with those of MI. Such an analysis is necessary to establish the relationship between MI and hand mental rotation. Previous 3D objects and alphanumeric based mental rotation studies (Riečansky`& Katina, 2010; Gill, O'Boyle, & Hathaway, 1998 ) using EEG did not describe the complete time-frequency characteristics.
In a recent study, Chen and colleague (Chen, Bin, Daly, & Gao, 2013 ) only analysed an early induced EEG activity during hand mental rotation induced by HLT. Their experimental design involved subjects pressing buttons with their hands to indicate their judgements. Since the subjects were believed to be mentally rotating their hands, pressing the button with the same hands could interfere with the results. An important, yet unanswered question that would further confirm similarity between explicit and implicit MI is whether it is possible to discriminate between left and right mental rotation using EEG signal recorded during a hand mental rotation task such as HLT.
The present study has three main objectives. (1) To study the timefrequency dynamics and spatial localisation of sensorimotor activities during mental rotation of hands induced by HLT. (2) To test whether it is possible to discriminate between left and right hand mental rotation using EEG recorded during HLT. (3) To compare timefrequency responses over the sensorimotor cortices between implicit MI (in HLT) and explicit MI. The knowledge gained by studying the above is relevant to understanding the mental rotation process. Furthermore establishing that implicit MI is involved in mental rotation and that it is similar to explicit MI can open new areas of application in which mental rotation induced implicit MI can be used to complement explicit MI used in rehabilitation of movement (Cramer, Orr, Cohen, & Lacourse, 2007; Dijkerman, Ietswaart, Johnston, & MacWalter, 2004; Driskell, Copper, & Moran, 1994; Grangeon, Revol, Guillot, Rode, & Collet, 2012) . Patients who find it difficult to perform explicit MI due to loss of proprioception/ sensation for example following incomplete spinal cord injury may use the implicit MI automatically invoked in the brain to activate the motor cortex in a similar manner as explicit MI in rehabilitation. Hand mental rotation induced with HLT is already in use in the treatment of complex regional pain (Moseley et al., 2012; Walz et al., 2013; Bowering et al., 2013) and its use is expected to widen (Moseley et al., 2012) .
Methods

Data collection
Subjects
Fifteen right handed (Edinburgh handedness inventory (Oldfield, 1971 ) mean, þ 76719) healthy subjects (mean age 24.975.0, 6 females) volunteered for this study. The subjects gave their informed consents. The study was approved by the University ethics committee.
MI trials
A cue-based paradigm implemented with rtsBCI Scherer was used. A trial lasted for 6000 ms. At the beginning of a trial (t¼ À3000 ms), the user was presented with a blank screen. A warning cue (a cross) appeared on the screen at t¼ À1000 ms informing the user to get ready. This cross disappeared at the end of the trial (t¼3000 ms). From t¼ À3000 ms to t¼0 ms, the subjects were asked to relax, rest and they were not performing any study related task. At t¼0 ms an execution cue (which is an arrow pointing to either left or right) was presented on the screen and stayed there till t¼1250 ms. Depending on the cue the subjects had to perform continuous kinesthetic MI of opening and closing of the left or the right hand. This gave two types of MI condition namely, right hand MI and left hand MI. Subjects were asked to continuously imagine waving their hand from t¼ 0 s till t¼3000 ms. They were allowed to rest from t¼ 3000 ms for a variable length of time (between 1000 to 3000 ms) before another trial started. This paradigm, often used in brain computer interface experiments (Vuckovic & Osuagwu, 2013) , is shown in Fig. 1a .
HLT trials
The timing of the HLT paradigm was similar to that of MI. At t¼ À1000 ms the warning cue appeared accompanied with a beep sound. The beep sound was used as a reference for determining the subjects' response time on an audio recording explained later. At t¼0 ms, an execution cue in the form of a hand picture was presented on the screen replacing the cross. The picture disappeared at t¼3000 ms regardless of the subject's response. This paradigm is shown in Fig. 1b . The subjects were asked to verbally express their laterality judgement of the presented hand picture by answering 'left' or 'right'. Using verbal expression avoids hand movement unlike in the case of pushing a button to give an answer. Such a hand movement might interfere with the outcome of the experiment (Takeda, Shimoda, Sato, Ogano, & Kato, 2010) . The hand pictures had plain backgrounds and each contained only one hand performing a gesture. They were processed to the size of 408 by 408 pixels. For each hand gesture there was a left and a right hand picture. Each of the pictures was presented in two orientations, counter-clockwise by 901 (CCW) and clockwise by 901 (CW). This gave four types of HLT condition namely right CCW HLT, left CW HLT, right CW HLT and left CCW HLT. The first two are termed medial orientations because they involve rotations towards the midline of the body while the last two are termed lateral orientations because they involve rotation outside the midline of the body (Parsons, 1987b) . Examples of the stimuli are shown in Fig. 2. 
Procedure
Subjects sat in an armchair facing a computer screen. Their hands were pronated and placed on a table in front of them. Subjects were instructed to relax and avoid physical movements during the experiment. They were monitored throughout the experimental session to make sure that they followed the instructions and a part of the experiment was restarted if instructions were not followed. The MI trials (which took on average only 20 min in total) were followed by HLT trials after the subjects have had about 15 min of rest. It was necessary to separate the MI runs from the HLT runs to avoid possible interference of the techniques the subjects employed (Wraga, Thompson, Alpert, & Kosslyn, 2003) . For example the hand pictures might encourage visual MI during the MI trials if the MI trials were shown interchangeably with HLT trials or if the HLT runs were performed first. Also the performance of explicit motor imagery in the MI trials might influence the technique used during the HLT trials if the two conditions were presented interchangeably (Wraga et al., 2003) . A total of 120 trials for MI were obtained (60 trials for each of left and right hand) divided into 4 runs of 30 trials (15 for each hand presented in a random order). A total of 240 trials for HLT were obtained (60 trials for each of right CCW, left CW, right CW and left CCW). This was divided into 6 runs of 40 trials consisting of 10 trials for each of the orientation presented in a random order. The subjects were allowed to rest between the runs. A relatively small number of trials were purposely chosen to reduce the influence of fatigue in both MI and HLT runs.
Data recording
Signal recording was performed under MATLAB and Simulink (MATLAB R2012a, The MathWorks Inc., Natick, MA). Electrodes were placed on 47 different locations on the scalp following the International 10/10 electrode positioning standard as shown in Fig. 3 . Linked ear reference was used and the ground electrode was placed on location Afz. An electrode was attached to the lateral canthus on the orbicularis oculi of the right eye to record Electrooculogram (EOG) for the purpose of artefact detection. EEG and EOG were recorded at the sample frequency of 256 Hz using three modules of the g.USBAmp (biosignal amplifier, g.tec Medical Engineering GmbH, Austria). The impedance of the electrodes was kept below 5 kΩ. Signal was filtered online between 0.5 and 60 Hz with a notch filter at 50 Hz using the IIR digital Butterworth filters built into the amplifiers. In addition to EEG and EOG, audio signal was recorded during the HLT trials which enabled a subject to give his/her judgement by verbal response (Ionta, Fourkas, Fiorio, & Aglioti, 2007) .
Data analysis
Behavioural data
The beep sound during the HLT trials was used to retrieve the subjects' RTs from the audio recordings. The RTs for HLT trials were obtained by splitting the recoded audio signal into trials using the beep events. The beep time point (btp) was determined at two standard deviations from the start of the beep sound wave while the subjects' response time point (rtp) was detected at five standard deviations into the subjects' response speech wave. Given that the beep occurred at t¼ À1000 ms and the stimuli appeared at t¼0 ms into the trials, RT ¼ðrtp À btpÞÀ1000 was calculated in milliseconds. The subjects' mean RTs for the correct laterality judgements were submitted to a two-way analysis of variance (ANOVA), with hand pictures (left and right hands) and picture orientations (CW, CCW) as within subjects factors. The error rate was taken as the percentage number of trials with incorrect laterality judgement while the accuracy was calculated as 100 minus the error rate. The error rate was obtained by listening back to the audio trials for the subjects' response for each hand picture.The Wilcoxon rank sum test was used to compare the medians of the accuracies between the hands and orientations. Statistical significance level was to p ¼0.05.
EEG data pre-processing
The continuous EEG data of MI and HLT were split into trials. HLT trials with incorrect response were eliminated. All data were visually inspected and epochs with artefact like a sudden burst in amplitude over all electrodes were eliminated. For each subject, the MI and HLT trials were concatenated to form a single data set. The data sets were individually decomposed into 48 maximally independent temporal components using the logistic infomax independent component analysis (ICA) algorithm (Hyvärinen & Oja, 2000; Comon, 1994) implemented in EEGLAB (Delorme & Makeig, 2004) . The components were visually inspected and components corresponding to ocular artefact were removed (Hoffmann & Falkenstein, 2008) . All other artefacts like electrocardiogram and electromyogram (which mostly occurred when subjects gave their answers) were identified and removed by considering their typical morphology, spectrum, topography and temporal characteristics (Iriarte et al., 2003) . The remaining components were back projected to EEG channels and then used for group analysis in EEGLAB and sLORETA after separating the data set back to HLT and MI trials and computing common average reference of the EEG channels.
Time-frequency analysis in EEGLAB
Group analysis was performed under EEGLAB to visualise and compare the Event Related Desynchronisation (ERD) (Pfurtscheller & Aranibar, 1977; Pfurtscheller & Berghold, 1989) and Event Related Synchronisation (ERS) (Pfurtscheller, 1992; Pfurtscheller & Lopes da Silva, 1999) arising from MI and HLT trials. Here ERD and ERS refer to decrease and increase respectively of EEG power relative to a baseline period within a narrow frequency band. Movement related cortical processes like those during MI and physical execution can be quantified with ERD across the sensorimotor cortex. ERD/ERS, sometimes referred to as event related spectral perturbation (Makeig, 1993) , will be used in this text as a general term to refer to both ERD and ERS when necessary. ERD/ERS was computed using EEGLAB routines. The Morlet Wavelet transform was used to perform time frequency analysis of the EEG data in the frequency band 3 to 60 Hz with a Hanning-tapered window applied and the number of cycles set to 3. These wavelet parameters allowed low frequencies starting from 3 Hz to be analysed in a one second window (Young, 1993) . The ERD/ERS was computed as power changes in decibels relative to a baseline period (t¼ À2000 to À 1000 ms). The full description of ERD/ERS method is given in the EEGLAB's methods by Delorme and Makeig (Delorme & Makeig, 2004) . ERD/ERS averaged over trials and subjects per experimental condition type is presented. Also presented are ERD/ERS scalp maps in small time windows of 200 ms and in chosen frequency bands. The statistical non-parametric method with Holm's correction for multiple comparison (Holm, 1979) was used to assess the differences in ERD/ERS within and between the conditions at p¼0.05.
sLORETA localisation
Localisation of the cortical three-dimensional distribution of current density of EEG was done using the Standardised Low Resolution Electromagnetic Tomography (sLORETA) (Pascual-Marqui, 2002) . The method is a linear minimum norm inverse solution to EEG 3D localisation inverse problem. The sLORETA method has been shown to have no localisation bias (Pascual-Marqui, 2007) . The sLORETA (estimated current density) cortical map/image is computed for 6239 voxel partitions of intracerebral volume at 5 mm spatial resolution. Brodmann areas are reported using the Montreal Neurological Institute (MNI) space with correction to the Talairach space (Talairach & Tournoux, 1988; Brett, Johnsrude, & Owen, 2002) .
The trials were split into one second long time windows. Frequency domain sLORETA was computed for each window in the frequency bands including 1-3 Hz (δ), 4-7 Hz (θ), 8-12 Hz (α=μ), 12-16 Hz (β1), 16-24 Hz (β2). Baseline was taken from the period before the warning sign (t¼ À2000 to À 1000 ms). Images of sLORETA were computed over one second time windows beginning at t¼500 ms post execution cue. Shifting the analysis window in 100 ms time steps over the period of interest and computing sLORETA image at each step yielded a temporal activation pattern of different cortical structures. The extent of activation at each time step was quantified for each brain structure by summing up the number of voxels active for that structure in the corresponding sLORETA image. The rationale for presenting the number of active voxels was to obtain a measure of temporal dynamic activity of each structure. The brain structures of interest included those found active in MI and HLT experiments (Decety et al., 1994; Vingerhoets et al., 2002) .
To find the predominantly active areas on the cortex for HLT and MI, the sLORETA statistical package was used to perform a paired group analysis (n¼15) for HLT and MI trials where a pair comprises the baseline window and a selected one second window. Paired group analysis was also performed to compare the differences in spatial activation and activation intensity between MI and HLT types. Using sLORETA's log of ratio of averages (r-value) for the first test and t-statistics (t-value) for the second test, 5000 randomisation of statistical non-parametric mapping (SnPM) (Nichols & Holmes, 2002) implemented in sLORETA package was used to calculate corrected critical thresholds and p-values. Statistical significant level was set at p¼ 0.05.
Results
Behavioural data
The mean RTs and accuracies are presented in Table 1 . The mean RT across all subjects and trials for the right hand CCW was 14277 493 ms (MEAN7STD), for the left hand CW it was 15497500 ms, for the right hand CW it was 16137554 ms and for the left hand CCW it was 16387551 ms. For these RTs, the two-way ANOVA revealed main effects for hand pictures, F(1,14)¼ 6.163, p¼0.026 and picture orientations F(1,14)¼6.475, p¼0.023 and significant interaction of hand pictures Â picture orientations, F(1,14)¼14.068, p¼0.002. The interaction was significant because the right hand pictures were recognised significantly earlier at CCW orientation than at CW orientation and left hand pictures were recognised significantly earlier at CW orientation than at CCW orientation.
These results showed that the medial orientations (right hand CCW and left hand CW) had the lowest RTs. The RT results were comparable with those from the published literature (Takeda et al., 2010; Cooper & Shepard, 1975) , although in the referenced studies participants provided their response by pressing a button rather than by giving a verbal response. The accuracy rates (100% -% error rate) had medians of 97, 97 93 and 93% for left CW, right CCW, left CCW and right CW respectively. There were no statistically significant differences in median accuracy between the hand pictures (z¼0.1343, p¼0.8931) and picture orientations (z¼ À0.1418, p¼0.8872). There was also no statistically significant difference in median accuracy between the lateral (right CWþleft CCW) and the medial (right CCWþleft CW) orientations (z¼ À0.8359, p¼0.4032).
Time-frequency analysis in EEGLAB
Although medial and lateral RTs were significantly different, no statistically significant difference was found between the corresponding ERD/ERS maps. However because the RTs were different between the two orientations, their data were not merged to avoid disrupting the temporal pattern of events in each orientation. Therefore, only the results for the medial orientations will be presented for the HLT. Average ERD/ERS maps of two channels C3 and C4 located over the sensorimotor areas (one from each hemisphere) are plotted in Fig. 4 to show time-frequency dynamics. The plot is presented from the moment when the execution cue appeared on the computer screen. ERD is shown with negative values while ERS is shown with positive values. The last column presents the area of statistical significant differences (shaded area) in ERD/ERS between MI and HLT in frequency and time. The last row presents the area of statistical significant differences in ERD/ERS between the right and left hand. The plot at the bottom right shows the area of statistical interactions between tasks and conditions. 1  1833 1647  1881  1879  95  97  97  92  2  1604 1381  1798  1770  92  97  92  90  3  1816 1453  1688  1754  97  98  95  100  4  1415 1099  1527  1441  83  85  85  93  5  1122  953  1253  1212  80  78  75  58  6  1482 1378  1511  1500  98  98  93  100  7  1669 1552  1660  1454  95  98  93  97  8  1515 1672  1761  2023  87  93  88  87  9  1312 1253  1375  1364  98  100  100  100  10  1633 1751  1785  1763  97  92  93  87  11  1799 1732  1850  1909  97  100  92  92  12  1004  933  1100  1038  100  97  100  100  13  1417 1406  1528  1393  100  93  100  95  14  1546 1416  1546  1515  100  100  100  97  15  2346 1820  2918  2540  76  72 The ERS at around 300 ms is related to visual processing of the execution cue. At about 500 ms, ERD is seen for all conditions in the α=μ, β1 and β2 frequency bands. The intensity of ERD is in general lateralised with the right hand being more intense on C3 and the left hand on C4. In the case of MI, left and right hand ERD differences (see the second map on the last row of Fig. 4b ) emerge early at approximately 500 ms and it is more prominent on channel C4.
For the HLT, a close inspection of the ERD/ERS of the right and left hand and the corresponding statistical difference maps show that its ERD can be separated into an early and a late ERD. The early ERD is the HLT ERD occurring between 500 to about 1000 ms while late ERD is the HLT ERD starting from about 1000 ms. Observing RT, early ERD can be said to occur long before laterality judgement was made while the late ERD started just before and after laterality judgement was made. This late and early ERD effect is more prominent on channel C4. The early ERD is not significantly different between the left and the right hand, as shown by the map on the bottom left of Fig. 4b . However, the late ERD is significantly different between HLT of the left and right hand, indicating that it is hand specific.
The ERD of MI is significantly different between left and right hand throughout the whole period, being hand specific from the onset of ERD at t¼500 ms. The late ERD in HLT is similar to that of MI of the corresponding hand especially in the β1 and β2 bands. The ERD for the HLT tends to decrease after verbal response. This may have created the differences between HLT and MI towards the end of the trials because subjects continued MI until the end of the trials. The statistical interactions between the conditions and types are only more profound in the later part at C3 in the α=μ frequency band.
The scalp distribution of the ERD/ERS in α=μ, β1 and β2 frequency bands are shown in Fig. 5 . The scalp map was obtained for the time window 1000-1200 ms which is a time window including the late ERD. This time window is prior to the fastest RT (1427 ms) and therefore should have a reduced interference from the verbal response. The last columns highlight channels/electrodes that show statistically significant differences in ERD/ERS between the corresponding two conditions (left HLT and left MI in the first rows, right HLT and right MI in the second rows for a chosen frequency band) while the last rows show the differences between the right and left hand. The plot on the bottom right shows the statistical significant interactions between HLT, MI, left and right. Differences between MI and HLT task will be analysed first. At the chosen time window most of the ERD/ERS differences between right hand MI and right CCW HLT appear in the posterior parietal and occipital channels showing that their ERD/ERS in the sensorimotor areas are comparable in the α=μ, β1 and β2 frequency bands. In the case of the left hand MI and left CW HLT, the difference is widespread including the motor areas in the α=μ band but in the β1 and β2 bands the differences is concentrated on the parietal and on the occipital areas. The absence of significant differences on the frontal and paracentral areas shows a comparable intensity of activation of the sensorimotor areas during MI and HLT. When ERD scalp maps were compared between the left and right hand significant differences can be seen in all the three frequency bands for MI but predominantly in the β1 and β2 bands in HLT. For MI, areas of statistical significant difference between left and right hand include dominantly the right parietal and central channels including C4. Because the late ERD in HLT is hand specific and therefore resembles the ERD of MI, areas of statistically significant difference between two hands are similar to those of MI.
sLORETA localisation
Changes in the cortical activation of relevant brain structures over time were expressed as a function of the number of active voxels in different time windows. Different experimental condition showed distinctive temporal variations of the cortical activity. Temporal activation of representative structures is shown in Fig. 6 . The HLT had larger number of active voxels and larger temporal variation than MI. Selected brain regions reached their maximum activity fastest for the right hand CCW where the activities plateaued at the time window t¼700-1700 ms. For left CW the plateau was within the time window t¼1000-2000 ms and for both the right CW and left CCW (not shown on the figure) it was within the window t¼ 1100-2100 ms with temporal distribution similar to that of left CW HLT. The time window used for sLORETA analysis in which plateaus occurred corresponds to the time window as their respective RTs, apart from the plateau for the right CCW which had significantly shorter RT. Compared to HLT the number of voxels during MI was less variable over time (note the different time scales for HLT and MI). In both MI and HLT there are clear activities of the postcentral gyrus and precentral gyrus and the plateaus in the case of HLT are possibly related to the maximum activity occurring during implicit MI. The IPL and the middle frontal gyrus were active for the right hand MI but did not reach the significance level (p¼0.05) in the case of the left hand MI. The cingulate gyrus and the paracentral lobule were also activated in HLT.
The rest of sLORETA results will be presented as follows. sLORETA images and the corresponding tables of activities will be presented for each of the four conditions in Fig. 6 (i.e. left hand MI, right hand MI, left CW HLT and right CCW HLT) in order to individually describe each condition. Afterwards, an sLORETA image and corresponding table of activities will be presented for the comparison between right hand MI and the right CCW HLT to further show the similarities and differences between MI (explicit MI) and HLT (implicit MI).
In order to present a sLORETA image that best describes each of the conditions' sensorimotor activities, sLORETA images corresponding to a condition's specific plateau time window of the sensorimotor area is presented. Assuming that in the case of MI, the number of active voxels were relatively constant, the time window t¼ 500-1500 ms was chosen to present MI images.
As it can be seen from Figs. 7 and 8 the right and left hand MI engendered strong activation contralaterally. Active regions are summarised in Tables 2 and 3 for the right and left hand MI respectively. The sLORETA images are presented for the right CCW HLT in Fig. 9 and for the left CW HLT in Fig. 10 . The activities in the α=μ band were significant for both conditions; those in the β1 frequency band were significant in the case of MI but not in the case of HLT. The sLORETA localisation for MI in the β1 band is similar to that in the α=μ band, therefore unless otherwise specified the α=μ localisation for MI is referred. The activities in the β2 frequency band did not reach significance level in any condition. In both MI and HLT the postcentral gyrus, the precentral gyrus and IPL (BA 40) and the middle frontal gyrus were always active. For HLT the activities of these structures were bilateral with the strongest active voxel contralateral to the chosen hand. The medial frontal gyrus active during mental rotation task (Gogos et al., 2010) and the paracentral lobule part of the frontal and the parietal lobe were also active in HLT. Like in other neuroimaging studies on mental rotation (Zacks, 2008) , SPL and IPL were always active bilaterally for all types of HLT. The cingulate gyrus, posterior cingulate and the precuneus which has been referred metaphorically to as the mind's eye (Fletcher et al., 1995) were particularly active. In the occipital cortex, the notable active areas included the cuneus, middle occipital gyrus and the lingual gyrus. The activities found in the auditory cortex namely the superior temporal gyrus and the transverse temporal gyrus might have been due to the beep sound used in the HLT trials although the superior temporal gyrus has been found active in a mental rotation task (Gogos et al., 2010) . There were also activities in the insula and the parahippocampal gyrus. These and other active areas are summarised in Tables 4 and 5 for the right CCW and the left CW respectively.
The results of comparing cortical activity between MI and HLT are presented for the right hand MI versus right CCW HLT in Fig. 11 and in Table 6 . There were no differences between the conditions in the hand areas of the precentral gyrus and the postcentral gyrus, indicating similarities in the intensity of activation in these areas in both conditions. As expected there were more activities in the SPL in HLT than in MI. Other areas more active during HLT included the central areas, the precuneus and the sub-gyral. Similar results to those presented were also obtained by comparing left hand MI with left CW HLT, right hand MI with right CW HLT and left hand MI with left CCW HLT.
Discussions
It is believed that mental rotation of hand involves MI implicitly. Using time-frequency decomposition methods, EEG recorded during mental rotation tasks was studied with three main objectives. First to understand the dynamics of sensorimotor activity during mental rotation induced by HLT. Second, to investigate if it is possible to discriminate between left and right hand mental rotation exploiting the time frequency technique. The third was to compare temporal dynamic activation of the sensorimotor cortex during implicit and explicit MI across different frequency bands.
In the first objective, the time frequency analysis of EEG signal recorded during HLT showed activities in the α=μ frequency band and in the β (β1 and β2) bands . Similar frequency bands showed ERD activities in previous mental rotation studies using 3D objects and hands (Riečansky`& Katina, 2010; Gill et al., 1998; Chen et al., 2013) . Activities in these frequency ranges are believed to show spatiotemporal patterns in motor, and cognitive tasks (Neuper & Pfurtscheller, 2001; Neuper, Wörtz, & Pfurtscheller, 2006; Crone et al., 1998) such as HLT. The maximum α=μ ERD in HLT was localised on the sensorimotor, posterior parietal and the occipital areas although this ERD was not spatially specific. The activities in about 8-12 Hz band in the posterior parietal and the occipital area during mental rotation (Michel, Kaufman, & Williamson, 1994) might have a global effect and therefore contribute to this nonspatial specificity. The 8-12 Hz band activities might influence α=μ activities recorded in the sensorimotor areas although we used the common average method of electrode derivation to enhance local activities. In the case of the β bands in HLT, activity was more transient and spatially specific in accordance with the characteristics of motor related ERD in the β band (Crone et al., 1998) . These β ERDs
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Right view A P L R P A Fig. 7 . sLORETA localisation for MI of right hand compared with the baseline period in the α=μÀband at the time window 500-1500 ms relative to execution cue onset. The first row shows 3D map of the localisation while the second row shows a 3D slice at the displayed location (BA 4). The localisation for the β1-band is similar to that of α=μ and therefore it is not shown here.
were localised over the sensorimotor and posterior parietal areas.
Temporally the ERD in all the frequency bands began at approximately t¼ 500 ms and diminished soon after the subjects' verbal responses measured by RT. These results suggest that the sensorimotor activities quantified with ERD during mental rotation of hands can be studied in the chosen frequency bands. sLORETA localisations in the α=μ band confirmed that structures in the sensorimotor areas contributed to the ERD activities. Furthermore the sLORETA localisations showed that the activation of the sensorimotor areas peaked at different times for each hand and picture orientations during the trials. Apart from the right CCW HLT, where the peak activity in sLORETA occurred about 200 ms earlier than RT, the mean RTs closely followed the times of peak sensorimotor activity (because RTs occurred in the same time window as the corresponding sensorimotor peak activity). This means that the time of sensorimotor peak activity corresponds to the RT, being faster for medial than for lateral orientation. According to Parsons (Parsons, 2001; Moseley et al., 2012) ,when a person is presented with a HLT, the person makes an initial spontaneous pre-conscious judgement which is subsequently
Right view A P L R P A Fig. 8 . sLORETA localisation for MI of left hand compared with the baseline period in the α=μÀband at the time window 500-1500 ms relative to execution cue onset. The first row shows 3D map of the localisation while the second row shows a 3D slice at the displayed location (BA 4). The localisation for the β1-band is similar to that of α=μ and therefore it is not shown here.
Table 2
Significantly active structures for right hand MI compared with the baseline period in α=μÀband and β1-band obtained at time window 500-1500 ms relative to cue onset. Notes: The structures are sorted in the descending absolute values of r-value. F, Frequency band; BA, Brodmann Area; H, Hemisphere; nv, Number of Voxels; r-value, Statistics (log of ratio of averages implemented in sLORETA, read like tvalues); xyz, Talairach coordinates; R, Right; L, Left. The BA in bold font is the Brodmann area whose coordinate is displayed. The BA in italics is the Brodmann area contributing most in nv. The H in bold font is the hemisphere that contributes more than 20% of nv. confirmed by an implicit MI of the hand implicated in the preconscious judgement. It is possible that the pre-conscious judgement was biased towards the right hand given that the subjects were righthanders. This would imply that the first confirmation process involving implicit MI was biased towards the right hand. So given a right hand image in a medial orientation, this first confirmation process was often successful. This might explain the early peak activity for the right CCW HLT although it does not explain why its mean RT occurred at about 200 ms after the peak activity. For the second objective, statistical analysis of ERD/ERS showed that there were differences between left and right mental rotation induced by HLT. The differences could only be observed during the late ERD phase in HLT, 1000 ms after the execution cue. Hemispheric differences could be observed with the late ERD but not with the early ERD. This explains why a previous EEG study did not report any hemispheric difference between left and right HLT (Chen et al., 2013) . In the case of MI the left and right hands' ERD differences started at the onset of ERD (t¼ 500 ms). Discrimination between left and right hand MI has been exploited in brain computer interface Enzinger et al., 2008; Wolpaw, Birbaumer, McFarland, Pfurtscheller, & Vaughan, 2002) . The results of this study suggested that the discrimination can also be achieved with data recorded during HLT. Furthermore, similar electrode locations can be used for this discrimination for both MI and HLT. With regard to sLORETA localisations, there were no quantitative differences between the left and right hand mental rotation although there were stronger activations in the contralateral hemisphere to the presented hand. There was also no difference between left and right hand MI in sLORETA analysis despite differences being present in the channel based time frequency analysis. Vingerhoets and colleagues faced a similar issue in an fMRI study (Vingerhoets et al., 2002) on mental rotation. As suggested in the Vingerhoets' study activities in the ipsilateral hemispheres to each hand were sufficient to neutralise the lateralised activities when both hands data were contrasted.
For the third objective, ERD/ERS was compared between MI (explicit MI) and HLT (implicit MI). There were similarities between the two conditions in the later part of the trials when the late ERD occurred. The similarities were present in the sensorimotor areas. The results also showed that MI and HLT mainly differ in the activation of the posterior parietal and occipital regions where ERD activation intensity was stronger for HLT. The frequency bands that best described the similarities between MI and HLT were the β1 and β2. The α=μ band in the case of HLT was not spatially specific although its maximum was on the sensorimotor, parietal and occipital areas.
The sLORETA localisation of MI resembles those obtained in a study by Dyson and colleagues (Dyson, Sepulveda, & Gan, 2010) who localised cortical activities during explicit MI. All of the structures active during MI were active during HLT. These structures included the precentral gyrus, postcentral gyrus, IPL and the middle frontal gyrus (BA 6). This result supports the propositions in the literatures that MI is used during mental rotation (Vingerhoets et al., 2002; Cooper . sLORETA localisation for right CCW HLT compared with the baseline period in the α=μÀband at the time window 700-1700 ms relative to execution cue onset. The first row shows 3D map of the localisation while the second row shows a 3D slice at the displayed location (BA 4). The localisation for the β1-band is similar to that of α=μ but it was not statistically significant. & Shepard, 1975; Parsons, 1987a Parsons, , 1987b Parsons, , 1994 Parsons et al., 1995; Wexler et al., 1998) and suggests that implicit MI is similar to explicit MI. In the case of MI the statistically significant active sensorimotor areas were completely lateralised while for the HLT they were bilateral possibly because the late and early ERD both occurred within the longtime window analysed in sLORETA. However the strongest active voxel in the sensorimotor areas for HLT was always contralateral to the hand chosen by the subjects. The activities in the β1 frequency band were found significantly active for the MI but it did not reach significance level in the HLT condition. This was attributed to the excessive energy in the α=μ band in HLT which dominated the activities in the β bands following the correction for multiple comparisons over all frequency bands. When the α=μ band was excluded from the analysis the β band became significant.
Comparing HLT and MI data in sLORETA did not reveal any statistical significant difference in the sensorimotor cortex of the hand suggesting that these areas were similarly active in both conditions. Instead, as expected the SPL, active in mental rotation tasks (Vingerhoets et al., 2002) , and other areas in the parietal cortex were among the areas showing higher activation in HLT than in MI condition. Some previous studies have suggested that the primary sensorimotor cortices are not active during HLT unlike during MI (Parsons, 2001; Moseley et al., 2012) . The absence of any difference in primary sensorimotor activity between the two conditions might be due to the EEG methodology used in this The first row shows 3D map of the localisation while the second row shows a 3D slice at the displayed location (BA 4). The localisation for the β1-band is similar to that of α=μ but it was not statistically significant. study. Its disadvantage lies in the low spatial resolution in which neighbouring cortical structures may have correlated activity. However it could be that the EEG method which offers highly resolved time-frequency analysis may be more sensitive to transient changes. This was demonstrated by the temporal dynamics of the activities of cortical structures which peaked at certain times during HLT.
Other active areas in HLT
A literature review on mental rotation reported that activities were wide spread over several brain areas (Zacks, 2008; Gill et al., 1998; Cohen et al., 1996; Jordan et al., 2001) . The only areas consistently reported in all studies were the SPL and the intraparietal sulcus and similar areas were presented in the current study. The other areas mostly reported in mental rotation or related tasks which were also reproduced by sLORETA in this study included the following. The insula cortex (Zacks, 2008; Wraga et al., 2003) , found active during voluntary hand movement (Fink, Frackowiak, Pietrzyk, & Passingham, 1997) , was consistently active. The precunues (BA 5 and 7) which has been implicated in self centered mental imagery (Cavanna & Trimble, 2006) and other parietal areas were major active areas (Cohen et al., 1996; Zacks, 2008) . In the limbic lobe the cingulate gyrus and the posterior cingulate cortex were prominently active in all types of HLT conditions (Wraga et al., 2003) . The posterior cingulate cortex has previously been found active in attention requiring tasks (Leech, Braga, & Sharp, 2012) Fig. 11 . sLORETA localisation of the differences between the right hand MI and the right CCW HLT in the α=μÀband at the time window 500-1500 ms. In all the presented areas (red), HLT is more active than MI. The first row shows 3D map of the localisation the second row shows a 3D slice at the displayed location (BA 4). The localisation for the β1-band is similar to that of α=μ but it was not statistically significant. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this paper). Bethel.A. Osuagwu, A. Vuckovic / Neuropsychologia 65 (2014) 197-210 in visual mental imagery (Kosslyn et al., 1993) . In the temporal lobe, activities were found in the posterior temporal cortex (BA 37 including the fusiform gyrus) (Alivisatos & Petrides, 1996; Jordan, Heinze, Lutz, Kanowski, & Jäncke, 2001; Kosslyn et al., 1993; Gill et al., 1998) and the parahippocampal gyrus. The parahippocampal gyrus is known to play a part in the memory encoding and retrieval. It has also been implicated in the encoding and recognition of scenes (Epstein & Kanwisher, 1998) . In the occipital lobe there were activities in the cunues (Wraga et al., 2003) , the fusiform gyrus (BA 19) which has overlapping areas that respond to faces (Kanwisher, McDermott, & Chun, 1997) and body parts (Schwarzlose, Baker, & Kanwisher, 2005) . Other areas included the lingual gyrus, the superior, middle, and the inferior occipital gyri. (Vingerhoets et al., 2002; Jordan et al., 2001; Gogos et al., 2010; Weiss et al., 2009 ).
EEG and sLORETA tomography
While being spatially less accurate than fMRI and PET, EEG is suitable for analysing extracellular electrical field potentials recorded from the scalp with miliseconds resolution in different frequencies which is important in studying dynamic processes in the brain (Mulert et al., 2004) . It is a measure of neuronal electrical activity and not hemodynamic response, the later having latency between a task and the related brain activity. The ERD/ERS method can reveal time-frequency characteristics of cortical processes but it cannot ascertain precise location of that activity; furthermore it can provide spatially averaged activity over the surface of the cortex only. Multiple EEG sources can be simultaneously localised using source localisation tool such as sLORETA at the expense of low spatial resolution. Given this sharp resolution, neighbouring neuronal sources in the sLORETA localisations will be highly correlated but fMRI and PET studies have produced similar localisations as those presented in this study. It is important to point out that sLORETA has been extensively validated and found to have no localisation bias (Pascual-Marqui, 2007; Sekihara et al., 2005; Greenblatt et al., 2005) . A previous version (Pascual-Marqui, Michel, & Lehmann, 1994) has already been validated with fMRI (Mulert et al., 2004; Vitacco et al., 2002) , structural MRI (Worrell et al., 2000) , and PET (Dierks et al., 2000; Pizzagalli et al., 2003; Zumsteg, Wennberg, Treyer, Buck, & Wieser, 2005) .
Shortcomings
A possible shortcoming of the study is that the results were derived from only 15 young healthy individuals and therefore might not reflect a general case. Also it was not possible to determine whether the HLT and the MI task were of equal difficulty. However, the chosen orientation of the pictures especially the medial orientations were relatively natural to the hands so the HLT was not expected to be more difficult than MI of movement in a similar orientation as the medial and lateral orientations.
Conclusions
During the hand mental rotation task, the recorded brain activity had similar spatial and time-frequency characteristics to those found during explicit motor imagery. The sensorimotor activity is known to be distinctive for left and right hand explicit MI. It was shown here that the sensorimotor activity was also distinctive for the left and right hand mental rotation. These suggest that implicit MI used during the mental rotation of hand in HLT is similar to explicit MI. These results indicate that mental rotation of body parts can be used to complement MI in areas of rehabilitation in which MI is used for therapeutic purposes. Patients who are unable to perform explicit MI could use implicit MI. Patients can easily understand a laterality judgement task than a task involving movement imagination which is often abstract. Unlike in the case of MI therapists can easily tell when the patients are correctly performing a judgement task. Table 6 Structures with significant differences in activity between right hand MI and right CCW HLT in α=μÀband at time window t¼ 700-1700 ms. In all the presented structures, HLT is more active than MI. Notes: See Table 2 .
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